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Open Questions for the Energy Frontier

* Unexplained experimental evidence ---and beyond

* Nature of dark matter
* Origin of the matter-antimatter asymmetry
* Existence and hierarchy of neutrino masses
* Problems and puzzles
* EW hierarchy problem or why is the Higgs boson so light?
* Strong CP problem or why is theta so small?

* Flavor puzzle or why are there three generations or quarks and leptons!?

(Hadron) colliders have the potential to probe each these!



Future Hadron Colliders Geneva, Switzerland

 Future hadron colliders that have been
considered

* High-luminosity LHC (HL-LHC)

* High-energy LHC (HE-LHC)/Low-
energy FCC (LE-FCC)

* Future Circular Collider (FCC-hh)
* Super Proton-Proton Collider (SppC)

Schematic of an
80 - 100 km

e Other colliders, not covered here

* ete- colliders (Peskin, Robson, Klute,
Q+Ruan)

* LHeC/FCC-eh (Armesto)
* Muon colliders (Lucchesi)
* FCC-HI, heavy-ion physics

* Flavour physics

Google earth




Why hadron colliders?

* Historically and in general pp colliders allow us to reach the highest

possible energy

* Large mass/energy reach in powerful searches for new physics

* However, as we've learnt from first the Tevatron and then the LHC, they are
also capable of precision physics measurements despite the larger
backgrounds compared to electron-positron colliders
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Precision Measurements

Questions relating to the Higgs boson will be clear
target for any future collider due to its close
connection with many open questions



Higgs Boson couplings at the HL-LHC

Production Decays

(s=14 TeV, 3000 fb per experiment _ Vs=14TeV, 3000 .fb-1 per experiment
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https://arxiv.org/pdf/1902.00 | 34.pdf
reduced by factor of 2 wrt LHC



HL-LHC: Interpretation in K framework
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Higgs at Future Colliders report: arXiv:1905.03764,



Higgs Precision at other future colliders
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de Blas et al, Higgs Boson studies at future particle colliders



https://arxiv.org/pdf/1905.03764.pdf
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Higgs precision with differential distributions
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* There are changes to
Higgs physics from
moving to higher
energies

* Above 900 GeV, ttH
production has the
largest cross-section

* Many high pt Higgs
bosons

* Can expect additional
constraints on Higgs
boson couplings from
differential
measurements
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-019-6904-3.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-019-6904-3.pdf

Higgs Precision at HE-LHC and FCC
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Interpretation within EFT Framework
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Other SM measurements

* HL-LHC: Higgs mass to ~20 MeV ? 190
« HL-LHC low pile up run (200 pb-! at 14 TeV; €
5-10 weeks of running) e
* W mass 6 MeV (requires precise PDF)
* Top mass 0.2-1.2 GeV (relation to pole -
mass)
* Projections for FCC-hh reach 3% onVBS
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Clearly expect
lepton colliders to
have superior
performance in
most cases where
they have energy
reach, but what

accuracy could we
get from FCC-hh!



Higgs Self-coupling

* Key physics deliverable to probe mechanism of EW symmetry breaking
* Direct searches

* Indirect constraints from single Higgs production through loop effects

Higgs@FC WG September 2019
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Example: bbyy channel

-2A In L

FCC-hh Simulation (Delphes)
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Sensitivity depends on systematic uncertaifities

Uncertainty source syst. I syst. II syst. III Processes
b-jet ID eff. /b-jet 0.5% 1% 2% single H, HH, tt
7-jet ID eff. /7 1% 2.5% 5% single H, HH, tt
~v ID eff. /v 0.5% 1% 2% single H, HH

¢ = e-p ID efficiency  0.5% 1% 2% single H, HH,

single V, VV,
ttV, ttVV

single H cross section  0.5% 1% 1.5% H

tt cross section 0.5% 1% 1.5% H

luminosity 0.5% 1% 2% single H, HH,

single V, VV|
tt, ttV, ttVV

HH cross section 0.5% 1% 1.5% HH

DELPHES simulation; no explicit pile-up
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Searches for New Physics

Hadron collider are very powerful at directly probing
for new physics. A challenge in making the physics
case is deciding which directions are the most
Important to probe



New Interactions or Particles
* Are there any new particles or interactions beyond the SM?
* Direct (peak) or indirect (couplings)
* Direct observation

e M = 0.3-0.5+/s for hadron colliders

* Benchmark: simple sequential Z’ model

Y—Universal Z , 20
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Higgs Compositeness

* Is the Higgs boson an elementary particle or composite!?
* Limits from Higgs couplings, Drell-Yan searches

 Obtain limits on compositeness scale from ~1-4 TeV

Composite Higgs, 20
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Contact Interactions

95% CL scale limits on 4-fermion contact interactions
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Strong SUSY: gluinos

HL-LHC

HE-LHC

FCC-hh

Hadron Colliders: gluino projections

Preliminary Granada 2019

(R-parity conserving SUSY, prompt searches) { 3)
European Strategy,
Model JLdt[ab™"] Vs [TeV] Mass limit (95% CL exclusion) Conditions
23, 3—qat! 3 14 I I I I I I I I 3.2ITeV m(¥})=0
28, 3—qat! 3 14 1.5 TeV m(@) ~ m(¥))+10 GeV
28, g1k 3 14 2.5 TeV m(7)=0
8, g1k 3 14 2.6 TeV m(¥1)=500 GeV
38, 2—qqt 15 27 5.7 TeV m(P)=0
gz, 54941 15 27 2.6 TeV m(@) ~ m(E))+10 GeV
NUHM2, g—1f 15 27 5.9 TeV m(¥})=0
2%, g—q%1 30 100 17.0 TeV m(%)=0
8, 2—qaX) 30 100 7.5 TeV m(g) ~ m(t})+10 GeV (*)
38, g1t 30 100 _11.0.TeV m(t)=0

HE-LHC extends HL-LHC mass reach by a factor of ~2
FCC-hh extends HL-LHC mass reach by a factor of ~5

10

Mass scale [TeV]




Strong SUSY: squarks

All Colliders: Top squark projections

(R-parity conserving SUSY, prompt searches)

Preliminary Granada 2019

: )
European Strategy,
Model J£ dtfab™"] V5 [TeV] Mass limit (95% CL exclusion) Conditions

o Af Ao 3 14 1.7 Tev m(¥})=0
I
5 AR Aofi/Bbody 3 14 0.85 TeV Am(iy, )~ m(t)
I

fih, fi>ct/abody 3 14 0.95TeV | Am(f, X1)~ 5 GeV, monojet (*)
o AiA-bCELB 15 27 365V D=0
I
3 dniodlsboty 15 27 1.8 TeV Am(f, X1)~ m(b) (%)
T

A, fl—>o\7(1)/4-body 15 27 2.0TeV Am(t"l,)?(f)~ 5 GeV, monojet (*)

HE F b 4 05 0.25 TeV m(¥})=0 (toc)
o i F bt 4 05 0.25 TeV Am(iy, X9)~ m(t)

PR b 4 05 0.25 TeV Am(iy, )~ 10 GeV
‘N-: i, fl_)bf(i/b\?(l) 2.5 1.5 0.75 TeV m(/\7(1)):0
»
O AR AobVE 25 15 0.75 TeV Am(iy, X9)~ m(t)
-l
©  naobtA 25 15 07591V A, 71)- 50 Gev
53 i, fl_)b)zi/t)?? 5 3.0 1.5TeV m(/\7?)~350 GeV
7
S T /i 5 30 1.5TeV Am(iy, X9)~ m(t)
© Py s+, 50 ~ =0

i1, i—bX™ [tX 5 3.0 (1.5-¢) TV Am(i, X1)~ 50 GeV
< B ot 30 100 10.8 TeV m(¥})=0
8 i, h—oW)/3-body 30 100 10.0 TeV m(¥}) up to 4 TeV
'S

tltl,fl—>0\?(1)/4-b0dy 30 100 1 L L L PR S T T |

L 5.0TeV_ | Am(f, X))~ 5 GeV, monojet (*)

107! 1

(*) indicates projection of existing experimental searches
e indicates a possible non-evaluated loss in sensitivity

Mass scale [TeV]

HE-LHC extends HL-LHC mass reach by a factor of ~2
FCC-hh extends HL-LHC mass reach by a factor of ~5-12



Strong SUSY: Squarks

All Colliders: Top squark projections

(R-parity conserving SUSY, prompt searches)

([ \

European Strategy,

Model JLdtlab™"] Vs [TeV] Mass limit (95% CL exclusion) Conditions
o 0 it 3 14 ' ' - ' ' o 1.7 TeV m(¥Y)=0
E fif, fi—>t01/3body 3 14 0.85 TeV Am(F, X))~ m(t)
* fify, fi—>cti/4body 3 14 0.95TeV | Am(f, X))~ 5 GeV, monojet (*)
o i bV /) XY 15 27 3.65 TeV m(¥})=0
E 77, i—>tX)/3-body 15 27 1.8 TeV Am(iy, X))~ m(t) (*)
* fify, iocX1/4-body 15 27 2.0TeV | Am(#, X))~ 5 GeV, monojet (*)
B, ot 15 375 4.6 TeV m(E})=0 (**)
§. fif, fi—>t0/3-body 15 37.5 4.1 TeV m(¥}) up to 3.5 TeV (**)
- fify, iocXl/4-body 15 375 22TeV | Am(#i, X))~ 5 GeV, monojet (**)
o Db, BobV /i) 25 15 0.75 TeV m(t})=0
S
g REL R bV 25 15 0.75 TeV Am(, 22~ m(b)
° fifi, fi—bY " /0 2.5 1.5 (0.75 - €) TeV Am(i,, X))~ 50 GeV
s hif hobV 5 3.0 1.5 TeV m(¥})~350 GeV
S
S i Aot 5 30 1.5 TeV Am(i, K1)~ m(t)
o
fiy, f—bT A 5 3.0 (15-¢) TeV Am(#, ¥9)~ 50 GeV
s i ) 30 100 10.8 TeV m(E7)=0
§I 717, fi—>t¥1/3-body 30 100 10.0 TeV m(¥}) up to 4 TeV
fify, iocX1/4-body 30 100 . . e 50TeV | Am(#, X))~ 5 GeV, monojet (*)

107! 1
(*) indicates projection of existing experimental searches
(**) extrapolated from FCC-hh prospects

e indicates a possible non-evaluated loss in sensitivity

Mass scale [TeV]

ILC 500: discovery in all scenarios up to kinematic limit +/s/2

HE-LHC extends HL-LHC mass reach by a factor of ~2
FCC-hh extends HL-LHC mass reach by a factor of ~6



Electroweak SUSY
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Higgsino and Wino Searches

23

Upper limit from DM abundance
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* Searches for the case where the Higgsino or the 0
Wino are dark matter candidates as the LSP in I %
p ! N
SUSY .

e At hadron colliders, the most effective search
technique is called “disappearing tracks”




Example: Disappearing Track for Higgsinos -

o o ° 1 \cl 14 TeV, 3 ab™!
* The FCC-hh could probe Higgsinos up IR . == et
to ~| TeV (full range a WIMP k X
candidate) @
* Reach depends strongly on detector Lo o
design and amount of pile-up $ -
* How can we best design our tracking s T T

Higgsino Mass my [GeV]

detectors for such searches!?
Tan, et al. EW DM at Future Hadron Colliders
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Terashi, et al. Disappearing tracks at FCC-hh



https://cds.cern.ch/record/2642474/files/CERN-ACC-2018-0044.pdf
https://cds.cern.ch/record/2642474/files/CERN-ACC-2018-0044.pdf
https://arxiv.org/pdf/1805.00015.pdf
https://arxiv.org/pdf/1805.00015.pdf

Dark Matter
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Model-dependent limits from colliders probe the low mass range

Based on results for Higgs—invisible decays



Example: Higgs— invisible results
Fit MET distribution in VBF Higgs production
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-019-6904-3.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-019-6904-3.pdf

Feebly Interacting Particles (FIPs)

* Range of possibilities and models

Portal Coupling

Vector (Dark Photon, A,) — 5 oos 9W FMVB“ Y

Scalar (Dark Higgs, S) (US+AyeSVH'H
Fermion (Sterile Neutrino, N) | yyLHN

Pseudo-scalar (Axion, a) FFuF PRV 4 7Gi ,quuv % v

* Hadron colliders play a complementary role to targeted experiments
Dark Photon Axion Like Particles (ALPs)
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How could we include pp — a — yy?
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Bauer et al, Axion-Like Particle at Future Colliders



https://arxiv.org/pdf/1808.10323.pdf
https://arxiv.org/pdf/1808.10323.pdf
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Conclusion

Critical turning point for our field as we evaluate options and try to converge on what
machine(s) we want to build next

Short review of future hadron colliders

e HL-LHC, HE-LHC, FCC-hh and SppC

Key physics capabilities include precision Higgs couplings, the Higgs self-coupling and an
extensive range of BSM searches

Some ideas and open questions
* Pile up — what impact does 1000 collisions have! How can we mitigate it!
* What energy? i.e. why 100 TeV vs 80 or 120 TeV?
* Higgs coupling precision from differential measurements
* How could new detector technologies impact physics reach!?
* Can we design trackers to improve long-lived particle searches?
* How does 4D tracking improve physics capabilities?
 Systematics: particularly theory systematics

* Important to address in general; also relevant for comparing physics reach between
hadron and lepton colliders



Backup



FCC-hh

* New tunnel ~100 km tunnel located at

CERN

* New |6 T magnets (20 T for 80 km)

* High challenging technologically

* Energy: 100 TeV

* One stage of overall FCC project

* Full spectrum from e*e- to heavy ions

. Schematic of an

g 80-100 km

¢ long tunnel
\‘
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100 TeV

\s L/IP (cm2s?) | Int. L /IP(ab-) | Comments
ete- ~90 GeV Z 230 x10% 75 ab™! 2 experiments
FCC-ee 160 WwW 28 5
240 H 8.5 25 Total ~ 15 years of
~36 top 1. 0.8 operation

2+2 experiments

Total ~ 25 years of
operation

PbPb Vsyy=39TeV [ 3x10% 65 nb-'/run | 1 run=1 month
FCC-hh - operation
ep 3.5TeV 1.5 103 2 ab-1 60 GeV e- from ERL
Fcc-eh Concurrent operation
with pp for ~ 20 years
e-Pb Vsen=2.2TeV | 0.510% 1 fo-t 60 GeV e- from ERL
Fco-eh Concurrent operation
R with PbPb

N ————

FCC-hh Submission to ES



https://indico.cern.ch/event/765096/contributions/3298184/attachments/1786069/2907901/133_ESPP18_FCChh_181115-FCC_V0600_MainText.pdf
https://indico.cern.ch/event/765096/contributions/3298184/attachments/1786069/2907901/133_ESPP18_FCChh_181115-FCC_V0600_MainText.pdf

HL-LHC/HE-LHC
* Existing LHC tune

23800

* Reuse the existing LHC tunnel

* Increase the magnetic field by installing
the 16 T magnets from the FCC-hh

=Energy increases from 14 to 27 TeV

* Factor of 3 increase in luminosity over
HL-LHC: 10 ab-!

LHC - HL-LHC

LS1 EYETS LS2 LS3 14 TeV
13 TeV 13-14 TeV energy
Diodes Consolidation 5t07.5x
TeV splice consolidation LIU Installation cryol'm't HL-LHC nominal
7Tev 8TeV_  button collimators eraction - Iumlnosny
RZE i P7 11 T dip. coll. eg ns installation
Civil Eng. P1-P5
| 2o | 2o | 2013 | 2014 | 2015 | 206 | 207 [ 2018 | 2010 | coe0 | 2oz | 2oz | 2020 | 202 | 2025 | 202 [[]]]
ATLAS - CMS
ad ation
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes 2 x nom. luminosit . - HL upgrade
75% nominal luminosity - y ALICE - LHCb ! 2 X nomina | iminost Yy 1

|
| Omm”:)a sity | /_ upgrade

integrated EERRT R
m luminosity I (ultimate)
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— et HC Submission



https://indico.cern.ch/event/765096/contributions/3298229/attachments/1786073/2907913/136_ESPP18_HELHC_181119-FCC_V0500_MainText.pdf
https://indico.cern.ch/event/765096/contributions/3298229/attachments/1786073/2907913/136_ESPP18_HELHC_181119-FCC_V0500_MainText.pdf

SppC
* New 100 km tunnel in China
* Magnets:initially 12°T;later 20 T
* Energy: 75 - 150 TeV

* Luminosity: 30 ab-!

Second step after CEPC

32

SppC Layout

| LSS1 coll |

S5 —

SppC Submission to ES



https://indico.cern.ch/event/765096/contributions/3295627/attachments/1785177/2906133/CEPC_European_strategy_accelerator-v9Submit_version.pdf
https://indico.cern.ch/event/765096/contributions/3295627/attachments/1785177/2906133/CEPC_European_strategy_accelerator-v9Submit_version.pdf

Open Question: High field magnets

High field magnet development

-
-
-
-
-
-
-
-
-
-

12 T Nb,;Sn dipoles
HiLumi technology in
LHC: 21 TeV c.o.m.

0
L. Rossi

Energy 7 T Nb-Ti dipole (low cost
_HC, 4.2 K):
44 TeV c.o.m. (100 km)

20 Dipole Field for Hadron Collider
18
16 HTS FCC v
= 14 In LHC, 14 T dipoles give 23.5TeV | _-~
— But timeline is NOT the same 4
12 .
@ Nb,Sn _-HtHe q@/
= 10 —e
‘(E r“’>;
8 - —=
‘g ) Nb-Ti == SSC LHC —> tripler
o === 100km
Tevatron P
4 Q/’,—'HERA RHIC
2 l==="
0 SPS & Main Ring (resistive)
1975 1985 1995 2005 2015 2025 2035 204
Year

Personal (A. Yamamoto) View on Relative Timelines

| Timeline | 5| 10, 15 ~20 25 -30| _~35

Hadron Collider (CC) h a dI‘O n co ”Ide r
8N~é;|11 /m-bs Sn) Pr::r:i/é);e- Construction Operation ﬂ SC h e dU I e
15;3;3. Short-model R&D  Proto/Pre-series Construction Operation d epe nds on
1:,;12: Short-model R&D Prototype/Pre-series Construction m Gg' net R&D

Note: LHC experience: NbTi (10 T) R&D started in 1980’s --> (8.3 T) Production started in late 1990’s, in ™ 15 years




FCC-hh inputs

FCC-hh
S logr 4y 0.019
S lggF vy 0.015
6UggF,Z7/ 0.016
S ook 1 0.012 FCC-hh
5(BR;/BRyy) 0.013 (Extra inputs used 1n K fits)
§(BRyy/BRoey,) 0.008 S(on " /ok7¢eT)  0.014
8(BRyy/BRyy,) 0.014 S(of7 ™" /o ™) 0.016
5(BR%y/Bb1§W) 0.018 5(651?%/6@2;[919) 0.011
S(GttH GttZ) 0.019 S(GSEWW/GWHW) 0.015

Invisible decays
BRiny <0.00013

Direct constraint on Higgs self-interaction
0 K3 0.05




Timescale and cost for Hadron Colliders

240 GeV Z W

250 GeV . 500 GeV & 350 GeV
W 240 GeV 350-365 GeV

HL-LHC

\
start date driven by magnet R&D

Oper. Time Power

[yl [MW]
FCC-hh  pp 100 30 25 580 (550) 17 GCHF (+7 GCHF)
HE-LHC pp 27 20 20 7.2 GCHF

—

tunnel cost



